Vibrio vulnificus naturally inhabits a variety of aquatic organisms, including oysters, and is the leading cause of seafood-related death in the United States. Strains of this bacterium are genetically classified into environmental (E) and clinical (C) genotypes, which correlate with source of isolation. E-genotype strains integrate into marine aggregates more efficiently than do C-genotype strains, leading to a greater uptake of strains of this genotype by oysters feeding on these aggregates. The causes of this increased integration of E-type strains into marine "snow" have not been demonstrated. Here, we further investigate the physiological and genetic causalities for this genotypic heterogeneity by examining the ability of strains of each genotype to attach to chitin, a major constituent of marine snow. We found that E-genotype strains attach to chitin with significantly greater efficiency than do C-genotype strains when incubated at 20°C. Type IV pili were implicated in chitin adherence, and even in the absence of chitin, the expression level of type IV pilin genes (pilA, pilD, and mshA) was found to be inherently higher by E genotypes than by C genotypes. In contrast, the level of expression of N-acetylglucosamine binding protein A (gbpA) was significantly higher in C-genotype strains. Interestingly, incubation at a clinically relevant temperature (37°C) resulted in a significant increase in C-genotype attachment to chitin, which subsequently provided a protective effect against exposure to acid or bile, thus offering a clue into their increased incidence in human infections. This study suggests that C-and E-genotype strains have intrinsically divergent physiological programs, which may help explain the observed differences in the ecology and pathogenic potential between these two genotypes.
V
ibrio vulnificus is a highly invasive opportunistic human pathogen indigenous to estuarine and coastal waters worldwide (1) . Importantly, this bacterium is the causative agent of frequently fatal septicemia in susceptible persons consuming raw or undercooked oysters and is the leading cause of seafood-related death in the United States (2) . V. vulnificus is a free-living bacterium but also exists as part of the normal microflora within bivalves (3) . As filter feeders, these molluscs tend to concentrate V. vulnificus within their tissues and therefore represent an important ecological niche for this bacterium (4) . The mechanisms as to how this opportunistic human pathogen survives and proliferates in the environment and is capable of disease production in humans have been long-standing questions.
V. vulnificus strains are genetically and phenotypically diverse and are grouped into biotypes and genotypes based on biochemical and genetic traits, respectively. Biotype 1 strains are responsible for the majority of human infections and are the focus of this study (5, 6) . Genetic polymorphisms within the virulence-correlated gene (vcg) serve as a primary feature to distinguish strains of clinical (C) genotypes from those of environmental (E) genotypes, the former being more often associated with disease (7) . Similarly, polymorphisms within the 16S rRNA gene can be used to distinguish between clinically and environmentally associated genotypes, referred to as types B and A, respectively (8) . The use of multilocus sequence typing and phylogenetic analyses of sequenced genomes has further delineated C and E genotypes into two distinct evolutionary lineages (9, 10) . Indeed, previous studies have shown that C-and E-genotype strains display different ecologies, in which E-genotype strains seem to have a distinctive advantage in inhabiting oysters, whereas C-genotype strains are more successful in infecting the human host (7, (11) (12) (13) . Furthermore, genome comparisons have allowed the identification of several putative virulence factors (such as the genomic XII region) that could potentially aid C-genotype strains in disease progression (10, 14, 15) .
Froelich et al. recently demonstrated that E-genotype cells integrate into marine aggregates more efficiently than do C-genotype cells, thereby resulting in a greater uptake of E-genotype strains by oysters feeding on these aggregates (16) . Additionally, experiments with C-and E-genotype cocultures resulted in a significantly greater uptake of E-genotype cells than C-genotype cells into oysters. This finding offered a possible explanation for the predominance of E-genotype strains in oysters; however, the mechanisms for this increased integration of E-genotype strains remain unknown. Marine aggregates are naturally forming conglomerates of organic and inorganic detritus, of which chitin is a primary constituent (17) . Chitinous substrates are considered to play a vital role in the ecology of vibrios, serving as a critical reservoir for the survival and persistence of pathogens such as Vibrio cholerae (18) . Importantly, these associations with chitin are thought to influence the overall metabolism and physiology of Vibrio spp. (18, 19) . The primary goal of the present study was to comparatively assess the efficiencies of chitin attachment by V. vulnificus C-and E-genotype strains in order to further investigate the specific mechanisms responsible for the genotypic disparity observed within marine aggregates and oysters.
Considering the ecological relevance of vibrio associations with chitinous substrates, surface-associated proteins aiding in adherence to chitin have been studied extensively in a variety of Vibrio spp. (19) (20) (21) (22) (23) (24) (25) (26) . N-Acetylglucosamine (GlcNAc) binding protein A (GbpA) binds to GlcNAc-containing carbohydrates such as chitin. In V. cholerae, GbpA has been demonstrated to bind chitin and the mucin of intestinal epithelial cells, thus linking a single colonization factor critical for both environmental and host survival (19, 27) . GbpA also contributes to the persistence of V. cholerae within bivalve tissues, particularly through colonization of mussel hepatopancreas cells (28) . Two type IV pili have been identified in V. vulnificus, the mannose-sensitive hemagglutinin pilus (MSHA) and the PilA pilus (also referred to as the chitin-regulated pilus ChiRP in some Vibrio species), both of which are processed by a unique prepilin peptidase (PilD) to form a mature pilus structure that extends from the surface of the cell and interacts with the environment (29) . In V. vulnificus, the type IV pilin subunit PilA has been shown to play a role in biofilm formation, adherence to human epithelial cells, and oyster colonization (30, 31) . Additionally, pilA and mshA mutants of both Vibrio parahaemolyticus and V. cholerae show a lower fitness for adherence to chitinous substrates (20, 22, 23, 26) . In V. cholerae, MSHA is considered to be important for environmental persistence, aiding in attachment to zooplankton exoskeletons, but unlike GbpA, it has been shown to interact with bivalve hemocytes and act as an anticolonization factor in human disease (4, 20, 22, 32) . In the current study, the role of these genes in facilitating chitin attachment was assessed for both C-and E-genotype strains.
Stauder et al. demonstrated that increasing temperatures positively affect expression of both mshA and gbpA and consequently enhance V. cholerae attachment to chitin (33) . Additionally, due to its ability to resist digestion by acid, chitin has been shown to provide V. cholerae with protection from lethal acid stress, offering an effective means for gastric transit inside the human host (34, 35) . V. vulnificus C-genotype strains have been shown to resist the bactericidal effects of human serum compared to their E-genotype counterparts and also to exhibit a more robust cross-protective response in the presence of multiple stressors (12, 13) . To our knowledge, the effect of V. vulnificus-chitin interactions on stress resistance has not yet been investigated. Thus, we examined the differences in attachment efficiency between C-and E-genotype cells at the human physiological temperature (37°C) compared to an environmental temperature of 20°C and also examined the ability of chitin-bound cells to resist exposure to acid and bile stress.
MATERIALS AND METHODS
Bacterial strains and growth conditions. V. vulnificus strains used in this study are listed in Table 1 . Bacterial cultures were stored at Ϫ80°C in Bacto Luria broth (LB) (BD Difco, NJ) containing 20% glycerol. Clinical isolates selected for this study were characterized as having the vcgC and 16S rRNA type B alleles and have been classified as lineage II strains, possessing genomic region XII. Conversely, environmental isolates were characterized as having vcgE and 16S rRNA type A alleles and have been classified as lineage I strains, lacking genomic region XII (14) . All strains were grown in Bacto heart infusion (HI) broth (BD Difco, NJ) for 24 h at 30°C with shaking. PilA and PilD type IV pilus mutants were grown with 25 g/ml and 50 g/ml of streptomycin and spectinomycin, respectively.
For coculture competition experiments, in which V. vulnificus C-and E-genotype cells were allowed to attach to chitin simultaneously, 1% mannitol agar containing 1.6% BBL phenol red broth base (BD Difco, NJ) and 1% D-mannitol (Sigma-Aldrich), autoclaved for 5 min at 121°C, was used to differentiate between the two genotypes. C-and E-genotype strains used in this study form yellow and pink colonies on mannitol agar, respectively (36) .
Chitin attachment assay. A chitin attachment assay was performed as previously described, with slight modifications (37) . Chitin magnetic beads (New England BioLabs) were washed twice by vortexing in phosphate-buffered saline (PBS). Bacterial cultures were washed twice in PBS by centrifugation and diluted 10-fold into fresh PBS (or 15 ppt artificial seawater [ASW] for temperature experiments). In a 1.5-ml microcentrifuge tube, 900 l of washed culture was added to 100 l of washed chitin magnetic beads at a concentration of 5 ϫ 10 7 cells/ml. The mixture was allowed to incubate at 20°C or 37°C for 1 h on a rotisserie at 8 rpm. The supernatant, containing the unattached cells, was removed by placing the tube onto a 1.5-ml microcentrifuge magnetic stand (Life Technologies) and gently washing the beads three times with PBS. Chitin beads, along with the remaining attached bacteria, were suspended in 1 ml of PBS and prepared as described below for cell quantification using either culturebased methods or fluorescence microscopy.
Culture-based quantification. A total of 0.2 g of 0.5-mm ZR BashingBead was added to the washed chitin beads suspended in 1 ml of PBS, and the tube was vortexed vigorously for 60 s to detach the bound bacteria. Chitin beads were separated from the supernatant by using a magnetic stand, and the cell suspension containing the detached cells was serially diluted and plated onto HI agar for individual strain experiments or spread plated onto 1% mannitol agar for competition experiments.
Fluorescence microscopy-based quantification. A total of 10 l of beads harboring attached V. vulnificus cells was dropped onto a clean microscope slide and allowed to dry. The beads were then fixed with 95% ethanol, stained by using acridine orange, and visualized under a fluorescence microscope. To compare chitin attachment efficiencies, average numbers of cells per bead were quantified for each strain.
Acid/bile stress assay. For acid stress exposure, washed chitin beads with attached V. vulnificus cells were exposed for 5 min at 20°C to 1 ml of PBS adjusted to pH 3 by using hydrochloric acid. For bile exposure, washed chitin beads with attached cells were exposed to 1 ml of 1% bile (Ox gall powder; Sigma-Aldrich) in PBS for 30 min at 20°C. After incubation, the stress was immediately removed by washing the beads with PBS through gentle inversion of the tube five times. Culture-based quantification was performed as outlined above. The amount of chitin-attached cells that survived exposure to stress was compared to the number of chitin-attached cells that were not exposed to stress and expressed as percent survival. For comparison, percent survival of planktonic cells incubated without chitin but exposed to the same stress conditions was also measured. Gene expression. (i) RNA harvesting. V. vulnificus strains C7184 (C genotype) and JY1305 (E genotype), grown in HI broth for 24 h, were washed twice and then resuspended into 15 ppt ASW to a final concentration of ca. 1 ϫ 10 8 CFU/ml. Each strain was incubated on a rotisserie for 1 h and then treated with RNAprotect (Qiagen) according to the manufacturer's instructions. Cell pellets were resuspended in Tris-EDTA (TE) buffer at pH 8.0 with 10 mg/ml lysozyme and then vortexed at medium speed for 30 min. RNA from lysed cells was extracted by using the RNeasy Minikit (Qiagen) according to the manufacturer's protocol, with optional on-column DNase I treatment. In the final step, RNA was eluted from the column by using nuclease-free water, and a second postextraction DNase treatment was performed by using Turbo DNA-free (Ambion) according to the "rigorous DNase treatment" protocol. RNA quality and quantity were assessed by using a NanoDrop spectrophotometer (Thermo), and all RNA samples were found to have a 260/280-nm absorbance ratio of Ն1.7. RNA samples were stored at Ϫ80°C.
(ii) PCR to confirm removal of DNA contamination. Endpoint PCR was performed on RNA samples, targeting the species-specific vvhA gene (7), to confirm the complete removal of DNA. This was done by using Promega Go-Taq DNA polymerase, 5ϫ Green GoTaq reaction buffer, 10 mM deoxynucleoside triphosphate (dNTP) mix, and primers for vvhA. Cycling parameters were performed according to the manufacturer's recommendations, with an annealing temperature of 53.1°C and 40 cycles of amplification. Any amplification of the vvhA gene was indicative of DNA contamination, in which case the RNA was not used for downstream processes.
(iii) Primer design for qRT-PCR. Primers were designed for each gene of interest by using all three sequenced C-genotype strains of V. vulnificus (CMCP6, YJ016, and M06-24) reported in the NCBI database. Primers were designed to also target the three sequenced E-genotype strains of V. vulnificus (JY1701, JY1305, and E64MW) by using whole-genome shotgun contigs deposited in the NCBI database. ClustalW gene alignments were performed to identify conserved nucleotide regions, and primers were designed by using NCBI Primer-BLAST software. Optimal primer quality and fidelity were assessed by using IDT OligoAnalyzer 3.1 software. Primer specificity was analyzed by using in silico PCR (38) , and the PCR efficiency of each primer pair was evaluated by using an in silico PCR efficiency estimation tool (39) . Primers were purchased from Sigma-Aldrich and validated by using endpoint PCR to ensure specific amplification of the DNA targets of interest for each strain under investigation. Primers used in this study are listed in Table 2 .
(iv) Relative qRT-PCR. The PCR amplification efficiency of each primer set was analyzed by generating a standard curve and evaluating the slope. Standard curves were performed for all genes and all strains under investigation by using five 1:5 serial dilutions of cDNA. To measure relative expression, 1 g of total RNA was reverse transcribed by using qScript cDNA SuperMix (Quanta Biosciences). cDNA was then diluted, and 50 ng of cDNA template was carried over for quantitative PCR (qPCR). Relative quantitative reverse transcription-PCR (qRT-PCR) was performed on three technical and three biological replicates for each sample by using PerfeCTa SYBR green FastMix, Low ROX (Quanta Biosciences), thus generating nine threshold cycle (C T ) values per target. Negative controls consisting of water (in place of cDNA) were employed to rule out the influence of DNA contaminants or other artifacts (e.g., primer-dimers). "No-RT" controls consisting of an equivalent quantity of RNA were added to control wells to rule out the presence of residual genomic DNA. Expression levels of each gene were normalized by using an endogenous control gene (glyceraldehyde-3-phosphate dehydrogenase [GAPDH]) to correct for sampling errors. Fold changes in expression levels were measured for E-genotype strains relative to C-genotype strains by using the Pfaffl equation (40), taking into account the differences in PCR efficiencies between primer sets.
Statistical analysis. For culture-based quantification, attachment was expressed as the percentage of the total number of cells attached to the chitin beads (output) divided by the total number of cells added to the system (input), multiplied by 100. Attachment was also measured by using fluorescence microscopy, with the number of cells attached to 10 beads being averaged. Data were analyzed by using unpaired Student's t test or one-way analysis of variance (ANOVA) followed by Tukey's post hoc test for multiple comparisons. Significance was determined by using a 95% confidence interval. All data were analyzed by using GraphPad Prism (version 5.0; GraphPad Software Inc.). Relative fitness (w) of chitin attachment between genotypes (20, 23) was calculated as w(C,E) ϭ sqrt(C I / C O )/sqrt(E I /E O ), where C I and E I represent the initial CFU input and C O and E O represent the output CFU at the end of the experiment. The relative fitness for each type IV pilus mutant was also calculated relative to the fitness of the parental wild-type strain. Gene expression levels of E-geno- type strains relative to C-genotype strains were analyzed by using the Mann-Whitney (nonparametric) rank-sum test.
RESULTS AND DISCUSSION
Attachment of V. vulnificus strains of clinical and environmental genotypes to chitin. The strains selected for this study have several distinct genetic features which have been used to demarcate the evolutionary lineages of clinical and environmental strains (7, 8, 13, 14, 41) . We investigated the abilities of four Cand four E-genotype strains to attach to chitin magnetic beads, and while all isolates tested were able to adhere to chitin within 1 h of incubation, E-genotype strains were significantly more capable of chitin binding than were C-genotype strains (Fig. 1A) . This finding was further substantiated by visually quantifying the number of cells attached to individual chitin particles using fluorescence microscopy ( Fig. 1B and 2 ). To more accurately reflect the natural environment, C-and E-genotype cells were incubated with chitin in cocultures to examine competitive attachment.
Again, E-genotype cells were significantly more efficient in adhering to chitin than were their C-genotype counterparts (Fig. 1C) . Differences in attachment efficiency between C-and E-genotype strains were assessed by calculating relative fitness values, in which values of Ͻ1 indicated a defect in the competitiveness of the designated strain (see Materials and Methods). In monoculture, the overall fitness of C-genotype strains relative to E-genotype strains was 0.68. This relative fitness was reduced to 0.56 when C-and E-genotype strains were incubated in cocultures with chitin. This indicates that E-genotype strains have a competitive advantage in chitin colonization, which offers an explanation for the enhanced integration of E-genotype strains into marine aggregates along with the subsequent persistence of E-genotype strains within oyster tissues that we have previously reported (16) . Role of surface proteins in chitin attachment. We suspected that type IV pili are important for attachment to chitin; thus, we investigated the attachment efficiencies of two V. vulnificus mutants deficient in type IV pilin expression. Both pilA and pilD mutants displayed significantly decreased attachment compared to the parent strain (Fig. 3) , with relative fitness values of 0.64 and 0.13, respectively. The much lower fitness value of pilD suggests a crucial role in chitin attachment. It has been demonstrated that a V. vulnificus pilA mutant still expresses pili, whereas the pilD mutant results in a complete loss of surface pili, suggesting that PilD processes both MSHA and PilA type IV pili of V. vulnificus (31, 42) . Because chitin is composed of N-acetylglucosamine (GlcNAc) monomers, cells were treated with this sugar to ascertain the specificity of surface proteins in chitin attachment. Incubation with GlcNAc in the presence of chitin resulted in a significant reduction in attachment efficiency for both C-and E-genotype strains (Fig. 4) . Our study confirmed the relevance of type IV pili in chitin attachment; however, it is important to note that the parent for these mutants was a C-genotype strain. Thus, to further characterize the role of these genes in chitin attachment, we examined relative gene expression levels of C-and E-genotype strains in the presence and absence of chitin. Interestingly, neither of these genes was induced (in strains of either genotype) when cells were incubated with chitin for 1 h (data not shown). This led us to the hypothesis that there may be basal differences in gene expression levels between these two genotypes. Hence, we examined relative gene expression levels between the genotypes when incubated in ASW without chitin addition. We discovered that E-genotype strains inherently express more pilA and pilD, by 23-fold and 9-fold, respectively, than do C-genotype strains (Fig. 5) . Additionally, mshA, encoding the principal subunit of the type IV MSHA pilus, was expressed at 2-fold-higher levels in E-genotype strains (Fig. 5) .
The role of N-acetylglucosamine binding protein (gbpA) was also investigated, and we discovered that C-genotype strains expressed significantly (46-fold) more gbpA than did E-genotype strains (Fig. 5) . In V. cholerae, GbpA plays an essential role in chitin binding as well as in colonization of the human intestine; thus, the differential expression of gbpA by clinical strains of V. vulnificus likely has very important implications regarding the enhanced pathogenicity of these strains. It is plausible that increased expression levels of gbpA may provide enhanced attachment to epithelial cell surfaces in the human gastrointestinal tract; however, further studies are needed to validate this hypothesis.
Effect of temperature on chitin attachment. To investigate the effect of temperature on chitin attachment, C-and E-genotype strains were incubated with chitin beads at 20°C and 37°C, in parallel. As has been documented for V. cholerae (33, 43, 44) , increasing the incubation temperature resulted in a significant increase in attachment for C-genotype strains (Fig. 6) . As a result, the fitness of C-genotype strains relative to E-genotype strains in attachment to chitin increased from 0.450 at 20°C to 0.997 at 37°C. In contrast, this increase in temperature caused a significant decrease in attachment for E-genotype strains (Fig. 6 ). This inverse effect of temperature on chitin attachment likely has important clinical and ecological relevance and warrants further investigation. chitin. Depicted is the attachment efficiencies of two C-genotype (CMCP6 and M06-24) and two E-genotype (ENV1 and JY1305) strains incubated with chitin in the presence or absence of 125 mg/ml GlcNAc. Error bars represent the standard errors of the means for two replicates of two strains. Incubation with GlcNAc resulted in a significant decrease in attachment for strains of both genotypes. Different letters indicate statistically significant differences determined by using one-way ANOVA. C-genotype (C7184) strains incubated in ASW for 1 h. Error bars represent the standard deviations of three biological and three technical replicates. Asterisks represent statistically significant differences between C-and E-genotype strains for each gene of interest by using one-way ANOVA. JY1305 intrinsically expresses significantly higher levels of pilA, pilD, and mshA than does C7184, whereas C7184 expresses higher levels of gbpA than does JY1305. 
FIG 6
Effect of incubation temperature on attachment of C-and E-genotype strains to chitin. Depicted is attachment of two C-genotype strains (CMCP6 and M06-24) and two E-genotype strains (ENV1 and JY1305) incubated with chitin at room temperature (20°C) or the human physiological temperature (37°C). Error bars represent the standard errors of the means for two replicates of two strains. Different letters indicate statistically significant differences determined by using one-way ANOVA. Increasing the incubation temperature from 20°C to 37°C resulted in a significant increase in attachment for C-genotype strains and a significant decrease in attachment for E-genotype strains.
Protective effect of chitin. We examined whether adherence to chitin allowed V. vulnificus C-and E-genotype strains to withstand stressors that would be encountered by this bacterium upon entry into the human host. To this end, cells attached to chitin beads were incubated in acidified PBS. Chitin particles were then washed to remove the acid stress, and the percentage of culturable cells remaining on chitin particles was quantified. Despite the rapid lethality (Ͼ99%) of pH 3 to planktonic (control) cultures of V. vulnificus, C-genotype cells significantly survived acid exposure when attached to chitin particles (Fig. 7A) . Conversely, E-genotype cells were not significantly protected by chitin in the face of acid stress, emphasizing the difference in genetic programming between these two genotypes. Along with a temperature upshift, the acidic environment of the human stomach is likely to be one of the first physiological stresses encountered by the bacterium when ingested. V. vulnificus is known to possess several mechanisms for acid resistance and adaptation (45, 46) , such as the cadBA operon, which is induced under conditions of low pH and which neutralizes the external pH through simple acid/base chemistry (47) . Nonetheless, the genetic mechanisms responsible for combating acid stress in C-genotype strains may be superior to those in Egenotype strains, and it is tempting to speculate that attachment to chitin may grant C-genotype strains with temporary protection upon entry into the human host, thus providing them with a competitive advantage over E-genotype strains. Notably, although there is no clear role for chitin in oyster-associated infections, it is well known that bacterial cells in an attached state exhibit observable physiological changes relative to their planktonic counterparts (48); thus, attachment to some other more relevant oysterbased substratum may offer similar protection during the transition into the human host.
A bacterial pathogen attempting to successfully traverse the human gastrointestinal tract will inevitably encounter the antimicrobial properties of bile, an emulsifying fluid produced by the liver and excreted into the small intestine. A variety of enteric bacteria have been shown to respond to and subsequently develop resistance to bile exposure (49) . Furthermore, pathogenic Vibrio spp., such as V. cholerae and V. parahaemolyticus, have been shown to possess mechanisms for bile resistance resulting in modulated expression of virulence factors (50-52). We exposed planktonic and chitin-attached cells to bile stress for 30 min and observed that while planktonic E-genotype cells survived bile stress significantly better than planktonic C-genotype cells, chitin-attached C-genotype cells survived bile stress significantly better than chitin-attached E-genotype cells (Fig. 7B) . This opposing trend highlights the divergent physiological responses of strains of these two genotypes when exposed to clinically relevant stress. Further investigation into the acid and bile stress resistance of chitin-attached C-genotype cells would likely provide important insights into the virulent nature of strains of this genotype. Our recent comparative analysis of C-and E-genotype genomes revealed a number of genes unique to C-genotype strains, many of which could bestow the cell with enhanced stress resistance (10). We are currently investigating genes unique to C-genotype strains that may equip them with this heightened stress response.
Conclusion. V. vulnificus is widely recognized as a human pathogen, although genetic analyses have revealed that strains of this species are not equally pathogenic. Genotyping has revealed differences not only in pathogenic potential but also in the ecological niches in which these strains reside (11, 12, 53) . Genetic dimorphisms among V. vulnificus strains have been documented on a genome-wide scale; thus, it has been proposed that C-and E-genotype strains may reflect distinct ecotypes (10, 13) . Chitin is considered to play a pivotal role in the ecology of vibrios, and adherence to this substrate has been demonstrated for a number of species, including V. vulnificus, V. cholerae, V. parahaemolyticus, and V. alginolyticus (18, 25, 34, 54) . The ability to associate with chitin in the aquatic environment has a profound influence on the life-style of Vibrio spp., providing them with a number of advantages, including food availability, adaptation to environmental nutrient gradients, tolerance to stress, and protection from predators (33, 55) .
The ecologically distinct C-and E-genotype strains examined here displayed different degrees of chitin attachment, providing deeper insight into the natural ecology of this organism. Investigation of a larger set of C-and E-genotype strains should be performed to further substantiate this phenomenon. In this study, type IV pili were found to be important for chitin adherence and appear to be a key player in attachment by E-genotype strains. Conversely, gbpA expression was enhanced in C-genotype strains Depicted is the survival of two C-genotype strains (CMCP6 and M06-24) and two E-genotype strains (ENV1 and JY1305) when exposed to acid stress (pH 3) for 5 min in the planktonic state or when attached to chitin. Error bars represent the standard errors of the means for four replicates of two strains. Different letters indicate significant differences determined by using one-way ANOVA. Attachment to chitin provided a significant protective effect against acid stress for C-genotype strains only. (B) Effect of chitin attachment on exposure to bile stress. Depicted is the survival of two C-genotype strains (CMCP6 and M06-24) and two E-genotype strains (ENV1 and JY1305) when exposed to 1% bile for 30 min in the planktonic state or when attached to chitin. Error bars represent the standard errors of the means for two (planktonic) or four (attached) replicates of two strains. Different letters indicate significant differences determined by using one-way ANOVA. E-genotype strains survived bile stress significantly better than did C-genotype strains when in the planktonic state, while C-genotype strains survived bile stress significantly better than did E-genotype strains when attached to chitin.
compared to E-genotype strains, which we suspect has significant implications in human intestinal colonization and survival. Attachment to substrates such as chitin is likely to shift the physiological regimen of the bacterium, resulting in different adaptive capabilities in the face of stress. As demonstrated here, chitinassociated cells exhibited substantially different stress responses compared to those of free-living planktonic cells, particularly for C-genotype strains.
Sequence analyses of type IV pili among several Vibrio spp. have revealed interesting clues into the immense genetic diversity observed within this genus. For many bacterial species, including numerous pathogens, type IV pili have been implicated in environmental survival as well as host colonization. Aagesen and Hase proposed that the heterogeneities among pilA and mshA sequences are likely a result of positive selective pressures, which would be expected to have ecological implications for the bacterium (29) . Sequence alignment of V. vulnificus type IV pilus genes (pilA, pilD, and mshA) as well as gbpA revealed a considerable number of genetic polymorphisms, many of which correlate with genotype. Indeed, our study reveals that C-and E-genotype strains differentially express these four genes within the same environment, even in the absence of chitin. Thus, the observed differences in chitin attachment do not appear to be a result of induction of gene expression but rather an inherent predisposition for adherence to chitin. We propose that this variance can help explain the observed genotypic differences in oyster colonization and possibly pathogenic potential. The environmental and molecular mechanisms facilitating chitin attachment deserve further examination and may provide a better understanding of the ecological and clinical divergence of these two genotypes.
